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論 文 内 容 要 旨         
1. Background
Our global population has reached 7 billion and is expected to be 9.8 billion in 2050. Increasing impact on environment 
brought by the human activity has now become a huge threat of the global environment. In order to create a sustainable society, 
17 Sustainable Development Goals (SDGs) were set by the United Nations in 2015. In this background, the introduction of 
sustainable energy resources is becoming more and more important to realize a low-carbon, sustainable society. Biomass waste 
is one of most important sustainable resource to improve the self-supporting ability of modern society. Among several types of 
biomass waste disposal technologies, anaerobic digestion (AD) is one of the most cost-effective due to its high energy recovery 


















Fig. 1 Treatment objective of this research
However, high strength of nutrient such as nitrogen (N), phosphorus (P), and potassium (K) would be released to the effluent 
during the decomposition of waste biomass in AD process, and the treatment of digestate become one of largest economic 
burden of the biogas plants. The development of new digestate treatment process is essential to popularize the AD treatment of 
biomass waste. In our previous research, high rate nitrogen treatment process by anaerobic ammonia oxidation (anammox) 
was successfully developed by using granular sludge bed system, and the effects of different operation parameters and 
inhibition factors in this process was investigated (Ma et al., 2017; Zhang et al., 2018). Nitrogen removal rate as high as 44.9 ± 
0.3gN/L/d could be stably realized using the anammox attached film expanded bed (AAFEB) reactor. However, the high 















Fig. 2 Anammox reaction and its features
Excess discharge of nitrogen and phosphorus into the water body is the primary cause of eutrophication. On the other hand, 
phosphorus as a valuable mineral resource, its accessible mineral reserves will be depleted in the following 50-100 years and 
phosphorus production from alternative resources become necessary (Cordell et al., 2009). Waste biomass is rich in nutrients 
and has great potential as a sustainable nutrients resource. Studies have been conducted trying to recover phosphorus before or 
after AD process by crystallization as struvite (MgNH4PO4), hydroxyapatite (Ca10(PO4)5OH2), or absorption and 
thermos-chemical method from the incineration ash of digested sludge. Generally, additional treatment unit, massive chemical 
dosage or high energy input is needed for these processes, which make it difficult to popularize the phosphorus recovery in the 
biogas plants. Integrating the phosphorus recovery into the existing equipment provide a better choice. 
Anammox process is featured with its low aeration cost, no need of extra organic carbon resource compared with 
conventional nitrification-denitrification process. Moreover, the treatment capacity of anammox process could be much higher 
by forming dense granule with high concentration of microorganism. However, being autotrophic microbe, anammox bacteria 
grows very slowly and the double time of anammox bacteria could be as long as 11 days. In addition, anammox bacteria is also 
sensitive to many environmental factors such as pH, temperature, dissolved oxygen, NH4+-N, NO2--N concentrations. 
Exposure in harsh environment stimulate the production of extracellular polymeric substance (EPS), and lead to the wash out 
of anammox biomass (Zhang et al., 2016). Effective retention of anammox biomass is essential to overcome the drawbacks of 
slow growth rate and potential wash out. 
In the previous reports, hydroxyapatite precipitation accumulation enhanced the mechanical strength of anammox granules 
and contribute to the settling velocity of granules(Lin et al., 2013; Winkler et al., 2013). Integrating the phosphorus 
crystallization reaction into the granular anammox process seems to be the solution of the existing problems. High strength of 
nitrogen could be removed by anammox bacteria cost-effectively, meanwhile, valuable phosphorus could be recovered from 
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2. Research objectives and structure of the dissertation
Integrating phosphorus recovery into the anammox based nitrogen removal process is a promising concept for the treatment 
of wastewater with high strength of nutrients. However, up to now, although the phenomenon of phosphorus precipitation in 
the anammox granules was observed in the anammox reactors, it is still a long way to go to extend this phenomenon into a 
practical wastewater treatment process. In this thesis, efforts were made to develop a simultaneous nitrogen removal and 
phosphorus recovery process using anammox expanded bed reactor. The thesis consists of the following chapters:
Chapter 1: This chapter mainly introduce the background of this research, the research objectives and the structure of the 
dissertation.
Chapter 2: This chapter critically review the nutrient recovery technologies integrated with energy recovery by waste 
biomass anaerobic digestion. The characteristics of anaerobic digestion treatment of common types of waste biomass are 
summarized and compared. The challenges and technical hurdles faced by anaerobic digestion of waste biomass are reviewed 
with a focus on nutrient recovery and post treatment issues. And the concept of integrated system of anaerobic digestion, 
anammox and phosphorus recovery is proposed. This chapter was published as: 
Ma, H., Guo, Y., Qin, Y., Li, Y.-Y., 2018. Nutrient recovery technologies integrated with energy recovery by waste biomass 
anaerobic digestion. Bioresour. Technol. 269, 520–531. 
Chapter 3: In this chapter, a new process combining anammox and hydroxyapatite precipitation in an expanded bed reactor 
for simultaneous nitrogen removal and phosphorus recovery was developed by applying specific Ca/P ratio and pH control. A 
high phosphorus removal rate was obtained while a stable nitrogen removal efficiency maintained with an effluent recirculation 
system applied. High phosphorus accumulation in the dry sludge and Ca/P ratio close to hydroxyapatite was observed. The 
layer structure with anammox biofilm attached to inorganic core of the granules was illustrated and the possible formation 
mechanism of the composite granular sludge was proposed. Part of this chapter was published as:
Ma, H., Zhang, Y., Xue, Y., Li, Y.-Y., 2018. A new process for simultaneous nitrogen removal and phosphorus recovery using 
an anammox expanded bed reactor. Bioresour. Technol. 267, 201–208.
Chapter 4: Anammox process is significantly affected by operation temperature. This chapter introduce the relationship of 
nitrogen loading capacity and temperature in anammox reactor, and a new method to evaluate the anammox reactor by 
analysis of heme C concentration was established. In this study, the heme C concentration along with nitrogen removal rate in 
three anammox expanded granular sludge bed reactor operated at different temperature was reported. The response of specific 
anammox activity to temperatures was revealed. Part of this chapter was published as:
Ma, H.Y., Zhang, Y.L., Xue, Y., Zhang, Y.F., Li, Y.Y., (2018). Relationship of heme C, nitrogen loading capacity and 
temperature in anammox reactor. Science of the Total Environment. 659:568-577.
Chapter 5: This chapter investigated the operation performance of simultaneous nitrogen removal and phosphorus recovery 
at 25°C. The effect of nitrogen loading rate, hydraulic retention time, pH, Ca2+ and PO43- concentration on the phosphorus 
removal was revealed in the long term operation of reactor. Stable high nitrogen removal efficiency of 83.66±4.78% at 1500 
mg/L influent total nitrogen concentration and phosphorus removal efficiency of 94.21±1.22% at 100 mg/L influent total 
phosphorus were obtained in continuous operation. The relationship of sludge composition with nitrogen and phosphorus 
loading rate was observed. The results in this study indicated that with operation parameters control, high efficiency 
phosphorus recovery could be integrated with anammox process, and significantly reduce the nutrient loading for further 
wastewater treatment.
Chapter 6: The main conclusions of the conducted studies are summarized and prospective application of the developed new 
process is discussed.
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